Abstract. "Lithosphere" is a mechanical concept implying strength and relative permanence. Unfortunately, the term has also been applied to the surface thermal boundary layer (TBL) and a shallow enriched geochemical reservoir, features having nothing to do with strength. The "strong" lithosphere is about one half the thickness of the TBL. other rheological boundary may set in near the solidus, but silicates lose most of their strength at absolute temperatures about one half the dry solidus temperature. The region of the subcontinental mantle between ---600øC and the solidus may provide some of the material in continental magmas, but this cannot be considered part of the continental plate. The "continental lithosphere" reservoir of petrologists is actually a weak enriched layer that may spread across the top of the convecting mantle. This is the perisphere. Its existence makes it possible to understand CFB and ocean island chemistry and kinematics without postulating plumes from the lower mantle, plume heads, fossil plume heads, or delaminated CL. The upper mantle is inhomogeneous in chemistry.
elastic plate, the maximum depths of midplate and fracture zone earthquakes, and the top of the lowvelocity zone all occur at depths corresponding to the 550ø-750øC temperature range. This may also correspond to the base of the coherent plate. Earthquakes in subducted slabs are bounded by isotherms in this temperature interval. Mantle hotter than ---650øC cannot support long-term stresses and does not qualify as lithosphere. There is very little ancient lithosphere (mantle colder than 650 ___ 100øC for long periods of time), and this is not a suitable reservoir for continental flood basalts (CFB). A chemical characteristic, that is, "enriched," has been attributed to old lithosphere to distinguish it from the "depleted" upper mantle. The continental lithosphere (CL) is often treated as a viable reservoir for CFB or, when delaminated, for ocean island basalts and enriched mid-ocean ridge basalts (MORB). The CFB reservoir is more likely to be a hot, weak sublithospheric layer which may include the lower part of the TBL. The term "perisphere" has been introduced to accommodate the need for a term for a global, shallow, enriched reservoir or boundary layer. It is physically isolated from the depleted mantle (usually called the "convecting mantle," "asthenosphere" or "upper mantle") not by its strength but by its weakness and buoyancy; it is chemically isolated by its location relative to subduction recycling. It has the chemical characteristics often attributed to continental lithosphere (or plume heads), but it is a permanent part of the sublithospheric shallow mantle and is constantly refreshed by recycling. It is an open system and can also be called the "active layer" or "mixing zone." It is proposed that the depleted reservoir (MORB source or depleted mantle) is below and protected from contamination (chemical isolation) by the filtering action of this boundary layer. Depleted MORB is most prominent at fast spreading ridges, which induce or localize deep, broad upwellings. Melts from enriched mantle (EM) are most evident at new or slowly rifting regions, infant subduction zones, new backarc basins, slab windows, and midplate environments away from spreading induced upwelling. EM is therefore probably shallow. It is not known if volatiles and large-ion lithophiles can recycle much deeper than ---200 km, or into the lower mantle, as is implied by some plume theories. The base of the (strong) lithosphere and plate may correspond to a phase change. If so, the correspondence among the brittle-ductile boundary (the maximum depth of earthquakes), the top of the low-velocity zone, and the elastic plate thickness can be understood. Candidate phase changes include dehydration and clinoenstatite to orthoenstatite since these occur near 600øC. Another rheological boundary may set in near the solidus, but silicates lose most of their strength at absolute temperatures about one half the dry solidus temperature. The region of the subcontinental mantle between ---600øC and the solidus may provide some of the material in continental magmas, but this cannot be considered part of the continental plate. The "continental lithosphere" reservoir of petrologists is actually a weak enriched layer that may spread across the top of the convecting mantle. This is the perisphere. Its existence makes it possible to understand CFB and ocean island chemistry and kinematics without postulating plumes from the lower mantle, plume heads, fossil plume heads, or delaminated CL. The upper mantle is inhomogeneous in chemistry.
INTRODUCTION
Most geologists and geophysicists would define the lithosphere as the "strong outer shell of the Earth." Barrell [1914] introduced the idea of a strong outer layer overlying a weak asthenosphere that could flow to maintain isostatic compensation. Daly [1940] built 87Sr/86Sr etc., usually relative to MORB.
High-velocity anomaly (HVA): seismic velocities that are higher than average for that depth.
Island arc basalts (lAB): these may be the result of slab-derived fluids fluxing the mantle wedge, the first step in depleting the slab and enriching the shallow mantle or perisphere.
Komatiite: high MgO magmas which are thought to be the highest-temperature terrestrial magmas. As such they should correspond to plumes that are thought to be hotter than normal mantle. Komatiites are often depleted, having isotopic characteristics similar to MORB. Komatiites may evolve to basalts by cooling and crystallizing in the shallow mantle. Ko- Large igneous province (LIP): such as CFB and oceanic plateau provinces; attributed, by some, to plume heads, and by others to the initial magmatic transients resulting from plate extension or lithospheric pull apart.
Lithosphere: the strong outer shell of the Earth. More recently, and not recommended, the enriched layer, contaminated layer (CL*) and the TBL.
Low-velocity anomaly (LVA): seismic velocities that are lower than average for that depth.
Low-velocity zone: a depth interval with seismic velocities lower than the region above or a region of decreasing velocity with depth.
Mantle wedge: the mantle above the slab and below the plate; the site of most mantle recycling.
Metasomatized: enriched in trace elements by fluids that migrate from one place to another. The source of OIB often appears to have been enriched in incompatible elements just prior to eruption. Alternatively, the parent magma of OIB may pick up LIL as it traverses the shallow metasomatized mantle. Subducting slabs and sediments may be the source of these fluids.
Mid-ocean ridge basalts (MORB): most abundant and most depleted magma type. Generally attributed to passive spreading and a shallow (DM) depleted asthenospheric source. The MORB source may be deeper and therefore protected from recycling and slab dehydration by a CL* or perisphere.
Ocean island basalts (OIB):
basalts from ocean island that are thought to be due to hotspots. Perisphere: weak, shallow EM. Source and sink of elements most prone to recycling; probably forms at mantle wedge. May be enriched by residual melts and metasomatizing fluids.
Picrite: a relatively rare high MgO magma; an olivine-rich rock. Picrites probably result from high temperature and extensive melting. Picrites are often depleted and are often attributed to plume stem melts. They may evolve to more common basalt types by crystal fractionation. Depleted picrites often occur at the base of CFB sequences.
Plate: the outer shell of the Earth, which moves coherently and behaves elastically. It may correspond to lithosphere plus the superposeicl material carried along (see komatiite).
Plume: a hypothetic entity that is supposed to exist independently of mantle convection and plate tectonics and is a narrow (100-200 km radius) hot column that extends to a TBL at the base of a convecting system, usually the CMB. Plumes are assumed to provide magma to hotspots such as ocean islands. Generally considered to be strong, active upwellings in contrast to passive upwellings caused by plate divergence and in contrast to normal large-scale upwellings that exist in any convecting system. Plume head: a 1000 to 2000 km (radius) pancakeshaped object that forms as plumes approach the upper mantle. Plume heads are assumed by some authors to be responsible for surface uplift, breaking of the lithosphere and LIPs. An alternative to plume heads are large-scale regions of the upper mantle that are hot because they have not been cooled by subduction. There may also exist large-scale regions of the upper mantle that are enriched because of recycling.
Pull-apart: the reverse of suturing. A process that supposes that lithospheric extension is concentrated at boundaries such as fracture zones and sutures, particularly those involving contrasts in strength or thickness. Since cratons involve thick lithosphere, a craton edge is a particularly pronounced discontinuity and a likely site for lithospheric pull-apart, as well as smallscale mantle convection. Pull-apart is an alternate to distributed stretching or thinning.
Siderophile: iron loving. The trace siderophile elements include Os, It, and Re, which are among the most depleted elements in the mantle, presumably Thermal boundary layer (TBL): occurs at the top of a convecting system and also at the bottom of systems that are heated from below; also called the conductive boundary layer. Recently, it has erroneously been equated to the lithosphere. Thus some petrologists refer to "the continental lithosphere (CL) source" when they mean TBL or upper mantle. A conductive boundary layer (TBL) may be weak and can suffer shearing deformation in its lower portions even while vertical thermal transport is predominantly by conduction rather than advection. Roughly, the top one half of the surface boundary layer has long-term strength.
LITHOSPHERES AND SEMANTICS
The various lithospheres in the literature include the seismic high-velocity layer (LID), the elastic shell, the mechanical boundary layer, the brittle zone, the plate, the slab, and the TBL or thermal lithosphere. Except for the TBL all of these involve strength, viscosity, or elasticity to some extent. Insofar as the physical properties in the TBL depend only on temperature, the thicknesses of these various lithospheres might be expected to covary with each other and with lithospheric age. Actually, stress, strain rate, thermal gradients, mineralogy, composition, phase changes, time since loading, duration of loading, past history, and so on are also involved . If the thicknesses of the various lithospheres (excluding TBL) agree, then this would suggest that changes in chemistry or mineralogy, or phase changes, including dehydration, might control the transition from strong to weak. If the various transitions depend mainly on temperature then they might approximately correspond, in depth, in a region of high thermal gradient, such as in the TBL.
A TBL exists at the top of a convecting system. The TBL thickens with time until it becomes unstable and falls off. In a homogeneous fluid the distance between downwellings is approximately twice the convecting layer depth. If part of the TBL is very strong or has high viscosity or has some chemical buoyancy it may remain at the surface for longer periods of time than in simpler systems. On the other hand, the TBL may be thickened by plate convergence, or impacted from below by a plume, before it falls off by its own weight. The Earth has all of these complications, but few convection calculations do. In a differentiated planet, buoyant material collects at the surface and part or all of the TBL may be composed of material different than the underlying convecting mantle. In fact, the mantle immediately beneath the lithosphere may also differ from the deeper mantle. Recycling, melt removal and trapping, dehydration, metasomatism and so on, affect the chemistry of the shallow mantle. A thick cold TBL surface features nor are they necessarily strong. This should be kept in mind when reading petrological papers that refer to the CL reservoir. Since CL, as generally used, is not lithosphere, the enriched reservoir might be designated CL* and would mean "contaminated layer" or CFB reservoir. Since this is also confusing, I eventually propose a new name, "perisphere" for CL*. The crust is generally weaker than the mantle, particularly the hot crust that occurs below some 10 km, but it is often treated as part of the lithosphere. It is certainly part of the plate, but it is often only able to carry a fraction of the load supported by the lithosphere. Sometimes "crust" is used where lithosphere is meant. Interpretations of crustal deformation (stretching, thinning, shearing, thickening) sometimes ignore the underlying mantle. In high heat flow regions, or in regions metasomatized by slab-derived fluids, the shallow mantle may be weaker than part of the crust. In such regions the crust may be the main load-bearing element and can even transmit stresses for intercontinental distances [Zoback et al., 1993] .
The strength of the crust depends on composition, volatile content, fluid pressure, and stress, as well as temperature. Lithosphere is often used to refer to the "crust plus the strong part of the upper mantle." Sometimes magmas or xenoliths are referred to as coming from the continental lithosphere without any evidence that the responsible mantle is cold, strong, or rigidly attached to the overlying crust. Thus petrologists often use lithosphere when they mean "mantle."
What is often wanted is the thickness of the coherent plate, that is, the plate of plate tectonics. The stresses responsible for plate tectonics involve different stress levels and orientations, and timescales, than are available from geophysical measurements, and the thickness of the plate cannot be determined directly. However, the boundary between the plate and the convecting mantle may be at a similar depth as the lithosphere-asthenosphere boundary, at least, over the long term. In most discussions, however, the plate (almost always referred to as the lithosphere in the petrological and geochemical literature) is usually assumed to be the lithosphere plus the thermal boundary layer. The TBL is often referred to as the lithosphere in the mantle convection literature. The lower part of the TBL is sometimes•referred to as the "ductile" or "plastic" lithosphere, that is, weak. A moving plate can entrain the hot underlying mantle, but the latter is not a permanent part of the plate.
Seismic Lithosphere (LID)
The LVZ of the upper mantle is sometimes equated with the asthenosphere. The high-velocity LID would then correspond to the lithosphere. The existence of a high-velocity LID, however, implies a different mineralogy, physical state, or chemistry than the underlying mantle (see below [Anderson and Sammis, 1969] . Actual seismic velocity profiles show an abrupt decrease in shear velocity at depths ranging from --•10 to 20 km under young oceans to --•150-200 km under cratons. This implies a change in phase, such as dehydration or partial melting, a change in composition or mineralogy, an increase in stress or dislocation density, or a very rapid increase in temperature gradient. Figure 1 shows that the depth to the bottom of the LID corresponds approximately to the 600øC isotherm [Anderson and Regan, 1983] . This also applies to the thicker shield LID . The high-velocity layer under shields extends to --• 150 or 200 km [Anderson, 1967 [Anderson, , 1990 Grand and Helmberger, 1984] . Heat flow calculations suggest that in low heat flow areas of cratons the temperature at 150 km depth may be as low as 750øC [Lesquer and Vasseur, 1992] [Jordan, 1975] or a dynamic downwelling. The Archean lithosphere and plate are probably at least 150 km thick. The TBL associated with Archean crust and lithosphere is probably much thicker, but it is not necessarily as old.
Elastic Lithosphere
The lithosphere is often treated as an elastic plate overlying a weak, or fluid, half-space. The thickness can be estimated from deformation profiles caused by surface loads (volcanoes, mountains) or bending stresses (trenches). The EET of oceanic lithosphere increases roughly as the square root of age (Figure 1) . The base of the elastic lithosphere corresponds approximately to the 450o-650 ø isotherm [Furlong, 1984; McNutt, 1990; Watts, 1982 Watts, , 1988 Wessel, 1992 Wessel, , 1993 . Cratonic areas have been cooling much longer than oceanic areas, and it is expected that they will be colder to greater depths. They may also differ, however, from other regions in parameters other than temperature (thickness and composition of crest, composition of mantle lithosphere, radioactivity). Figure 1 summarizes some of the data obtained from flexural studies on oceanic lithosphere. Note that the maximum EET corresponds approximately to the maximum depths of earthquakes and to the seismic thickness of the oceanic LID (i.e., the depth to the LVZ). The 600øC isotherm seems to define the boundary between strong, elastic, brittle, high-velocity material and weak, ductile, low-velocity material. This temperature differs from previous determinations because it is based on a new thermal model of the oceanic lithosphere [Denlinger, 1992] . It is of interest that partially hydrated shallow mantle rocks containing some serpentinite show a marked weakening above 500ø-600øC [Raleigh and Paterson, 1965] . Very dry mantle rocks may be strong to higher temperatures. The Archean plate may be dry as well as cold, and its thickness may help isolate the underlying mantle from revolatilization.
Earthquakes
Earthquakes occur in the brittle part of the lithosphere. The brittle-ductile transition depends on temperature, pressure, stress, strain-rate, tension versus compression, mineralogy, and so on. The timescales involved in the earthquake cycle (hundreds to thousands of years) are so different from the timescales of mantle flow and the duration of geological loads that one expects little correspondence between the depth of the seismogenic zone and the thickness of the plate as measured over geological timescales. For example, the thickness of the lithosphere, as measured by the deformation caused by a load, decreases with time, as stresses relax. Stress-dependent rheology makes the thickness of the lithosphere depend on stress levels. Short-term and low-stress experiments, such as wave propagation or deglaciation or small seamount loads, might be expected to yield thicker lithospheres than deformation associated with mountain belts or oceanic islands. As a matter of fact, all of these experiments give about the same thickness (to within 20-30%) and seem to correspond to similarly low isotherms (550 ø-650øC). Thus 600 ø _ 50øC appears to be a "magic temperature," which defines the rheology of the upper mantle. Almost all of the estimates of the temperature of a rheological boundary are encompassed by 650 ø -100øC.
For example, the mantle appears to be unable to store the stresses required for brittle failure (earthquakes) if it is hotter than about 650øC [Chen and Molnar, 1983; Wiens and Stein, 1983] . The recurrence time of large earthquakes in a given tectonic region is of the order of 100-1000 years so the implication is that stresses are relieved by flow, on this timescale, at higher temperatures. The depths of intraplate oceanic earthquakes (Figure 1 ) are generally less than the inferred 600øC isotherm but occasionally reach the 750 ø isotherm [Chen and Molnar, 1983; Wiens and Stein, 1983 ]. This corresponds approximately to the thickness of the seismic LID [Regan and Anderson, 1984] , that is, the depth to the top of the LVZ. This in t rnun corresponds to the effective elastic thickness of the oceanic plate. We expect, however, that the thickness of the lithosphere is time, frequency, and stress dependent. The existence of a single magic temperature for these various phenomena suggests that the base of the lithosphere is defined by a temperature-dependent change in phase or mineralogy. The maximum depths of earthquakes as a function of the age of the oceanic plate are indicated in Figure 1 .
Stresses and strain rates are quite different in downgoing slabs than in midplate environments and along fracture zones. Intermediate depth earthquakes provide a test of the magic temperature concept. Some deep earthquake zones exhibit a double-planed structure down to 200 km. The planes are about 40 km apart initially but converge with depth. Kawakatsu [1986] showed that most earthquakes in the slab are confined between the 600øC contours, which define the top and bottom of the seismic zone. The cold, wedge-shaped core of the slab is seismically active but less so than the regions near the 600øC isotherms. This is consistent with phase change control on the seismicity since yield strengths in homogeneous solids are strong functions of strain rates and whether the material is under extension or compression. At depths greater than 200 km we expect pressure-dependent phenomena and other phase changes to be involved and perhaps a departure from the low-pressure 550ø-650øC "magic isotherm." The magic temperature concept is not inconsistent with phase change control of intermediate and deep-focus earthquakes.
Phase Changes
Phase changes can be accompanied by a major change in rheological and elastic properties and acoustic emission (microearthquakes). For example, as quartz is heated, a major reduction in compressional velocity at the a-J3 inversion temperature (573øC) is accompanied by massive emission of sound [SchmidtMumm, 1991]. The compressional velocity drops by •20% at the transition and then slowly (with a further increase in temperature)recovers [Kern, 1990] . Thus here is an example of a change in velocity associated with a change in seismicity. The thickness of a deforming quartzite tectonic plate could be defined by either seismic velocity or seismicity. Similar effects can be expected for dehydration and other phase changes. This is probably too simple an analogy since not all intraplate earthquakes have a maximum depth defined by a critical temperature. However, few earthquakes, anywhere, occur in material with estimated temperatures in excess of 750øC.
The weakening associated with phase changes can be expected to concentrate deformation at phase change boundaries in the mantle. In the upper mantle the most important such phase changes are a-J3 quartz, clinoenstatite to orthoenstatite, various dehydration reactions, basalt-eclogite, and partial melting (wet or dry). Many of these occur between 500 ø and 700øC. These transitions will probably cause abrupt changes in strength and seismic velocity, rather than the gradual weakening associated only with an increase in temperature. Plates may also drive themselves by "slab pull" and by gravitational forces on the thickening plate ("ridge push") [Hager, 1978] . Again, there will be a mechanical boundary layer below the plate, but it may be very thin if the viscosity is low or if melts collect at the base of the plate. There is no need to transmit the motion of the interior to the plate. In fact, the plate may, in principle, be decoupled from the interior by a low-viscosity layer. In any case there will be a layer beneath the plate that is flowing in the same direction as the plate by entrainment or shear coupling, but it is presently unknown how thick this layer is. The boundary layer may differ chemically from the permanent plate and may be part of the perisphere.
To some Although in the short term (less than about 108 years) there may be an ambiguity about the thickness of the plate and the thickness and role of the underlying shear coupled layer, there is less ambiguity about the region that is coherent on long timescales required to generate significant isotopic anomalies if, in fact, these are generated in the plate. We suspect that over the long term timescales appropriate for observed isotopic anomalies to grow the plate is equivalent to the layer with long-term strength and therefore is similar in thir-I The Subplate Isotopic anomalies can also grow in a weak sublithospheric layer that is isolated from the underlying convecting mantle or depleted mantle (DM), and it matters little if this material is periodically entrained by the plates (or boundary layers) or even incorporated into them. A weak, chemically isolated, subplate, sublithospheric enriched layer serves the same purpose as an enriched lithospheric reservoir from a geochemical point of view. The only question is, can a weak layer remain isolated (chemically or physically) from the deeper mantle for the requisite amount of time? The ability to remain physically isolated depends on the density contrast (buoyancy), viscosity contrast (slipperiness), thickness and convective vigor. A weak continental lithosphere (i.e., the TBL) will flow readily and will not remain confined to the subcontinental mantle ( Figure 2 ). There is abundant evidence that EM is available in a variety of tectonic environments and is not, in fact, confined to continental areas or areas that have been attributed to plume heads. EM, be it weak asthenosphere, strong lithosphere, TBL, or perisphere, is probably not an isolated system. It is inhomogeneous, or at least it provides materials that exhibit a spectrum of geochemical characteristics.
It has been treated as "isolated from the convecting mantle" because it differs from DM, and differs from it, in some cases, by amounts that imply isotopic isolation for more than 1 Gyr. However, it can be an open, or active, system, subject to refluxing by various fluids and melts. It may not even be ancient if it is refluxed by material of extreme isotopic composition, such as continental sediments.
The various boundary layers discussed above may be thin, at any given time. The EM region, which cycles through the boundary layer, is of unknown extent; it may extend to 200-220 km or even to 400 km. Although a shallow EM layer may be highly engaged in mantle flow, it does not necessarily mix with the DM reservoir if the latter is, on average, deeper and denser. The problem of bringing melts from DM (MORB) through a shallow EM layer also exists for CL and plume head hypotheses. DM may be chemically isolated, or protected, from recycling by the shallow boundary layer or perisphere. This would explain its apparent homogeneity as well as its depletion. can migrate readily but they mostly occur over the hotter or "uncooled" parts of the Earth. They may focus the active upwellings. This would be consistent with the proximity of ridges to hotspots. In a convecting system, heated from within, upwellings tend to be broad and convection tends to be unsteady. In a very general sense ridges may be related to these broad upwellings. Just as dead slabs tend to influence the base of the convecting system, the configurations of surface plates, including continents, and boundaries also have a large influence on convection and may impose a long wavelength pattern [Scrivner and Anderson, 1992] . A complete up-to-date review of slab matters can be found in the work by Lay [1994] .
ENRICHED MANTLE
At one time all non-MORB basalts (i.e., "enriched" basalts or basalts from a so-called primordial reservoir) were explained by continental crustal contamination or by "primitive" lower mantle plumes. The upper mantle was regarded as depleted (DM) and the reservoir for MORB, and only MORB, and to have been formed by the removal of the continental crust.
Anderson [1980, 1981a, b, 1982b The physical location of EM has been controversial. In most plume, theories EM is at the core mantle boundary (CMB or D") or elsewhere in the lower mantle. In the CL theories it is thought to be rigidly attached to ancient continental crust and to be absent in oceanic domains. In other models [Anderson, 1982b] it is a global, weak, inhomogeneous sublithospheric layer, formed and maintained by recycling, slab dehydration, and melt trapping ( Evidence for pull-apart is indirect. Many LIPs are not accompanied by obvious uplift or crustal stretching, but they are almost all astride significant lithospheric boundaries, usually the edge of thick cratonic lithosphere. Rifts associated with CFB tend to be narrow rather than diffuse. Lithospheric discontinuities can be expected to concentrate stress. Pull-apart has not been investigated theoretically. Most discussions of lithospheric extension start out with homogeneous, constant thickness lithosphere, and the issue does not arise.
Material recycled to the mantle via subduction may initially be confined to the mantle wedge, the probable source of the trace element signatures of IAB and BABB. When subduction ceases, the metasomatized mantle wedge, which may also be basalt depleted, should spread laterally across the top of the sublithospheric mantle. The shallow mantle is an unlikely source for the voluminous and depleted mid-ocean ridge basalts, until it has been cleared out by previous magmatism. It is an open system. Fluids expelled from the slab, probably by dehydration reactions, impart an EM signature to the shallow mantle.
If it were not for sedimentation and reactions with seawater, the oceanic lithosphere would remain depleted all the way from the ridge to the trench. If the incompatible elements introduced by the above processes are removed by processes at the subduction zone, including slab dehydration, then the depleted mantle below the slab dehydration front is essentially a closed system for those elements that distinguish DM from EM. DM may therefore be "isolated" from EM not so much by convective processes as by chemical and petrological processes and location. The shallow mantle acts as a filter for the elements that were added to the crust and lithosphere after its origin at a ridge. Part of these return quickly to the surface in convergent margin magmas. Part are available for later CFB and OIB magmatism. The ancient continental lithosphere under Archean cratons has been protected from outside influences by a combination of circumstances: it is cold; it is strong; it has high viscosity; it is probably particularly refractory compared to lithosphere elsewhere; it is probably buoyant; it moves away from hot mantle; it is protected from subduction stresses and fluids by its generally central location and surrounding mobile belts; and it may be very dry.
Continental
There is evidence that lithosphere splits or pulls apart [Sykes, 1978; Bailey, 1992] , rather than stretching, thinning, eroding, or delaminating. The rheology of the overlying crust and the underlying TBL is quite different, and these elements may stretch and thin. If the lithosphere is relatively easily mobilized, reactivated, left behind, or delaminated, as implied in many current models for CFB, OIB, and asthenospheric contamination, then it could not survive for the two or so billion years required by these models to build up the necessary isotopic anomalies.
On the other hand, a buoyant sublithospheric layer, constantly regenerated by recycling and metasomatism (i.e., an open system) can be both the sink and the source of the geochemical signatures, which characterize "hotspot" magmas. It serves to isolate DM from recycling that evolves as more of a closed system. It matters not that the sublithospheric region is mobile. In fact, in hypotheses that assume that the entire upper mantle is depleted, it must be assumed that CL is remobilized in order to get it to plume sites [e.g., Allegre and Turcotte, 1985].
Although CL (as opposed to the continental TBL) may well be a physically isolated reservoir (isolated from the convecting mantle), it is not necessarily a source region for any voluminous basalt type, and, if it is chemically distinct from most of the upper mantle, it is not necessarily denser just because it is cold. A residue from ancient high-temperature melting events will be dry, olivine-rich, and garnet and Fe-poor, which is consistent with the seismic data [Anderson, 1990; Anderson and Bass, 1984] . This material is an unlikely candidate for CFB genesis.
The lithosphere 'Under continents is often interpreted to be the refractory residue remaining after extraction of basalt [Jordan, 1975] . However, some low-temperature garnet peridotites brought up by kimberlites emplaced at Archean cratons are particularly refractory (low in FeO, TiO2, and A1203). These may result from the extraction of komatiite (rather than basalt) or they may be residual from magma ocean crystallization [Anderson, 1983; Herzberg, 1993] . The original material, however, must be more silica-rich than pyrolite, or most peridotites [Herzberg, 1993] . In the magma ocean evolutionary scheme [Anderson, 1983 [Anderson, , 1989 ] the original composition of the mantle is close to chondritic, and the shallow mantle becomes olivine-rich because olivine floats and eclogite sinks. In this model the refractory material presently in the continental keel may predate the continents. In any case, when the evolution of the Earth is taken into account, there is reason to suspect models that assume that the composition of the continental lithosphere and TBL are identical in composition to the underlying mantle as is commonly assumed in convection modeling and in delamination scenerios. The cratonic keel may differ from continental mantle elsewhere by its dryness [Polet and Anderson, 1994] , as well as its chemistry.
A cold, ultrathick (> 150 km) strong continental keel may not be as invulnerable as generally thought [Kincaid, 1990] . It may be easily destroyed by mantle convection. On the other hand, a global buoyant lowviscosity sublithospheric layer can, in effect, remain chemically isolated from the underlying mantle if its density and viscosity make it difficult to entrain. The natural name for such a layer is asthenosphere, but this name has been preempted in the geochemical literature to mean "the depleted layer" or "MORB reservoir." Asthenosphere should not imply depletion or chemical buoyancy, so we should refer to this region by a different name. The asthenosphere could be chemically layered, or zoned, or conceivably could initially provide enriched basalts and then depleted basalts (marble-cake model). The deeper, DM is more isolated from recycling and shallow flushing and is protected by the overlying EM that I propose is the sink and source of most of the incompatible element recycling. The homogeneity of the MORB reservoir I attribute to its chemical isolation, not to efficient convective stirring. It evolves as more of a closed system than the shallow mantle. It is probably below the primary dehydration levels of hydrous phases in subducting slabs. Although some hydrous phases and incompatible elements may be carried deeper the bulk of them are in or on the crest, near the top of the slab, and are exposed to high temperatures, high shear stresses, and such phase changes as eclogitization, dehydration, and wet melting. Slab fluids initially enter the mantle wedge (Figure 3) , and they are not entirely removed by convergent margin volcanism. Their presence and fate must be dealt with. To ignore the shallow recycled component and to attribute hotspot chemistry entirely to a hypothetical deeply subducted component seems not to be the most sensible approach. Even if deep mantle phases can accommodate water (and incompatible elements), these components must survive the shallow subduction process. Since LIL are introduced into the oceanic plate under rather low-temperature conditions, it seems that they may be removable at the relatively high temperatures that slabs experience at shallow depths. The shallow mantle is unlikely to be a closed system or to be universally depleted.
It is perhaps better to think of the depleted (MORB) reservoir as being the isolated reservoir. It is the isotopic differences between MORB and other magmas
I The semantic confusion has lead to conceptual confusion. Perry et al. [1988] suggest that Rio Grande rift magmas are from EM but that this does not correspond to the lithosphere under this region. Perry et al. [1988, p. 432] propose that the lithosphere had been thermally thinned and converted to asthenosphere "while retaining its geochemical properties" and that the thermal conversion of EM lithosphere to EM asthenosphere is followed by erosion of EM and replacement by DM. It would seem much more straightforward to accept the evidence for a hot shallow enriched layer, which is eventually depleted or pushed aside by upwelling DM rather than invoking a local and ancient lithospheric reservoir for which there is no evidence or need. On the other hand, the CL hypothesis does address the need for a shallow enriched layer, an alternative to the deep recycling involved in plume hypotheses.
CL has been viewed as a reservoir physically isolated from the convecting mantle, that can evolve, with time, the isotopic differences that distinguish it from the MORB reservoir. There is nothing in the geochemistry of the enriched (or nondepleted, or hotspot) magmas that requires that they come from a cold, strong, high-viscosity layer or one that is and has been rigidly attached to the overlying crest for a long period of time. In fact, there is not much encouragement in the geochemistry of mantle xenoliths that suggest that they have the attributes needed for massive volcanism either on continents or in the ocean basins. It is only the belief that the underlying asthenosphere is homogeneous and depleted that gave rise to the concept of a lithospheric reservoir. Lithospheric contamination was also the simplest extension of the crustal contamination model, which was the prevailing explanation of enriched basalts for many years.
Isotopic systematics are the main reason for invoking a CL (i.e., physically isolated) source for CFB. If the radiogenic nature of some of the isotopic systems in CFB are interpreted as due to long-term physical isolation of EM from DM then one requires an isolation mechanism (high strength, buoyancy, location (e.g., continental crest or CMB)). If it were not for the isotopic evidence, and its interpretation in terms of an age constraint, then there would be little reason to associate the CFB reservoir with CL. If all CFB were isotopically similar to the surrounding crest then one would want a mechanism that involved crustal contamination, or local recycling, or contamination by a similar age piece of the mantle. Since the large CFB provinces are found on the margins of Archean cratons (Columbia River•Snake River, Deccan, Paranti, Karoo, Greenland, Keweenawan, etc.) one suspects that thick, or ancient lithosphere is somehow involved in their genesis, either physically or chemically. The ancient rifts and sedimentary basins in these locales may also be involved.
Semantics aside, the evidence is strong that the enriched signature of many basalts is acquired in the shallow mantle (perisphere), and there are many enrichment mechanisms (subduction, residual melts, etc.) [Anderson, 1983 [Anderson, , 1989 There is now no reason to believe that the source regions for most CFB provinces are identical in age to the continental crust they are deposited on. Anderson [1981c Anderson [ , 1989 suggested that depleted and enriched mantle reservoirs formed at the same time and that the continental crest subsequently formed from the shallow enriched layer. The shallow layer is reenriched by recycling, via subduction, of continental crust and altered oceanic crust, and is contaminated by melts on their way to the crest [Anderson, 1981c [Anderson, , 1983 ]. There may therefore be a genetic chemical relationship between the crest and the underlying mantle, even if they are not rigidly attached. The concept of an EM rather than a primitive mantle, or crustal contamination, has been controversial, but now numerous EM components have been proposed. These have been attributed to various precursors (pelagic sediments, terrigeneous sediments, oceanic crest, dehydration products or residues, trapped silicic or carbonatitic melts, metasomatic fluids).
Continental Roots
Old mountain belts require a strong layer more than 100 km thick to support the load (see Anderson [1990] Unfortunately, the geochemical term depleted (low contents of incompatible elements, low 87Sr/86Sr, and so on) has been applied to the LVZ, giving DLVZ [Schilling, 1973b] , and subsequently to the asthenosphere and, currently, to the whole upper mantle. In the petrological and geochemical literature the asthenosphere is now almost universally referred to as the depleted asthenosphere, or convecting mantle and is assumed to be the source region for depleted basalts, such as MORB. A variety of physical and geological processes have indicated the need for a layer of low strength and low viscosity. Most of the sublithospheric shallow mantle is close to, or above, the solidus, and it has therefore been assumed that the most voluminous magma type, mid-ocean ridge basalts (MORB), must originate in the asthenosphere. Since it is weak, it has also been assumed that it is uniform in composition, having been homogenized by convective stirring. The terms asthenosphere, depleted mantle, MORB reservoir, convecting mantle, and upper mantle are used interchangeably by most petrologists and geochemists.
Since the shallow mantle is sampled passively by midocean ridges, it has been assumed that depleted mantle everywhere immediately underlies the lithosphere, or plate. Depleted MORB-like magmas, however, occur only under special circumstances. In the shallow EM models, passive rifting initially draws in the sublithospheric layer, and enriched basalts are expected to dominate at the earliest stages of continental rifting, ridge jumps, and slab-window formation At one time all enrichment of continental basalts was attributed to crustal contamination. It then became clear that some such basalts and some patterns of enrichment were acquired in the shallow mantle prior to passing through the crest. This led to the concept of a continental lithosphere source, a source physically isolated from the depleted mantle, the idea being that if the shallow mantle source was hot or ductile, it could not remain isolated from the depleted, convecting mantle. Although enriched material is found along mid-ocean ridges, at fracture zones, at dying ridges, at new ridges, at propagating ridges, at infant subduction zones and at fault upthmst exposures, it is generally believed that this material must be imported from elsewhere (i.e., from CL or from the CMB become trapped in the sublithospheric EM become more contaminated as they cool and evolve prior to eruption. This layer, below the lithosphere, is warm to hot (T > 550øC), weak and readily interacts chemically with more depleted plumes or diapirs or melts from a deeper depleted region. It is normally less dense than the underlying mantle but denser than the lithosphere. It is eventually pushed aside or stripped of its lowmelting fraction by continual interaction with active or spreading-induced-passive upwellings, thereby permitting uncontaminated melts from the deeper source to rise to the surface. The shallow layer only becomes attenuated or stripped after long sustained spreading or upwelling. MORB-like basalts only emerge after a long history of rifting or spreading. Alkalic and evolved basalts are expected during the initiation and termination of rifting and during the earliest and latest phases of "hotspot" magmatism. Basalts bordering the Atlantic differ from slightly younger basalts that mark the beginning of seafloor spreading.
A similar mechanism is sometimes invoked to explain the temporal sequence from enriched to depleted basalts, common in rifting environments, but it is the cold, strong continental lithosphere that is viewed as the stretching, attenuating, depleting layer rather than a hot, ductile sublithospheric layer. In both cases, EM is shallow, and DM is deep. Arguments that have been made Menzies and Hawkesworth, 1987 ] to explain the enrichment of the shallow continental mantle (CL or TBL) apply equally well to the shallow mantle everywhere [Anderson, 1985] . The shallow layer can be ancient, just as can the CL, but it can be "isolated" from the MORB reservoir by its buoyancy (relative to DM) and weakness, rather than by its high strength.
I propose that this layer be called the perisphere ("peri" for all around, close). The perisphere underlies continents and serves the same purpose, as far as chemistry is concerned, as the continental lithosphere (and, more recently, plume heads) of the petrologists. The perisphere also underlies oceanic environments, although at much shallower depths, and removes the need for delamination, remobilization, or long-distance transport of CL, and plumes or plume heads, to explain enriched basalts or so-called hotspot magmas far from continents. The layer is eventually squeezed, pulled, or pushed out of the way by plate divergence or by active or passive upwellings and therefore is locally absent or thinned or depleted under mature spreading The perisphere need not be particularly fertile. It may have a basaltic fraction, but it may also serve mainly to provide trace elements to deeper, hotter upwelling material from a global depleted reservoir (DM). The low-melting, enriched fraction of the perisphere may be lamproitic or kimberlitic [Anderson, 1982a [Anderson, , c, 1985 . Alkalic basalts are generally intermediate in chemistry between these enriched endmembers and midocean ridge tholeiites.
The trace-element and isotopic inventory of the perisphere may be in rough steady state between the material introduced by subduction and melt trapping and the material removed into OIB, CFB, IAB, and BABB (island, continent, arc, and backarc basalts).
The perisphere may be refractory harzburgite or lherzolite, secondarily enriched by small-volume residues of melts or vapors. Large-volume melts from a deeper depleted (but fertile) reservoir may provide the bulk of the basaltic or picritic parent that eventually evolves to a variety of ridge, island and arc magmas. I distinguish between fertile (basalt-rich) and enriched (LILrich, radiogenic). The MORB reservoir for example, is fertile and depleted. Metasomatized refractory lithosphere or perisphere is infertile and enriched.
Although the perisphere may be primarily hydrated, metasomatized peridotite it may contain eclogite pods and therefore be somewhat fertile as well as enriched.
It seems likely, however, that neither the lithosphere nor the perisphere can melt extensively without an active buoyant upwelling from deeper, or an extending area above, to induce upward flow and adiabatic melting. Lateral variations in lithospheric thickness, and the associated temperature gradients, can also stimulate rapid small-scale convection [Mutter et al., 1988] . The largest flood basalt provinces initiated at boundaries between thick (cratonic) and thin lithosphere, where this small-scale convection can be expected to be most intense.
The depleted reservoir (DM) is likely to be fertile, perhaps more fertile than garnet peridotite or pyrolite. A garnet-and clinopyroxene-rich source has been dubbed "piclogite" . Such a composition can melt extensively and still retain garnet, which is not possible for pyrolite. Piclogite may be recycled demetasomatized oceanic plate. It may originally have been cumulates from a magma ocean or delaminated eclogitic lithosphere [Anderson, 1981a [Anderson, , 1982a . Upper mantle peridotites may also be buoyant cumulates from an SiO2-rich (chondritic) magma ocean [Herzberg, 1993; Anderson, 1983] .
Refreshing the Perisphere
The oceanic plate starts its journey at the ridge as virginal LIL-depleted crust and upper mantle. Hydro- "Ages" of EM and DM Material recycled into the perisphere includes isotopically evolved continental sediments and seawater alteration products. Magmas that are produced from this reservoir or that include components from this reservoir will also appear to be isotopically evolved even if the recycling is fairly recent and the residence time of recycled material in the shallow mantle is relatively short. EM may turn over at a rapid rate as long as isotopically evolved material (continental sediments, seawater) are involved in the recycling. The depleted MORB reservoir, however, must be immune from most of this kind of contamination, and it probably has a long history of evolution as a chemically closed system. If migrating ridges are the main mechanism for flushing out the shallow mantle, the mean residence time is calculated to be in excess of 10 9 years [Anderson, 1993] . broad scale buoyant currents that remove heat from the mantle?
Here we come face to face with the problem of distinguishing between active and passive upwellings. There is a close spatial relationship between ridges and hotspots and hotter than average mantle [Ray and Anderson, 1994] . Cold upper mantle (high seismic velocity) correlates with post-Pangea subduction. Parts of the Atlantic and Indian Oceans ridge systems have recently migrated away from hotspots. Many hotspot tracks were built on very young oceanic lithosphere, or at ridges. A long sustained period of passive spreading will eventually control the locations of active upwellings, just as slab locations control locations of cold mantle downwellings . Furthermore, the highest-temperature magmas, picrites, and komatiites, the strongest candidates for melts from hot upwellings, generally have isotopic chemistry identical to "passive basalts" such as MORB [Anderson, 1995] . The upper mantle under continents and old oceanic lithosphere has high seismic velocities . All of this suggests that midocean ridges are not as passive as generally assumed. They occur over hotter than average uppermantle and the spreading process itself generates melting and buoyancy. Therefore the shallow perisphere can be dragged away by spreading plates, pushed away by active depleted upwellings, and depleted of its low melting components by prior stages of melt extraction. Since viscosity depends on temperature, pressure, and volatile content, it is not clear whether the perisphere has a much lower viscosity than the rest of the sublithospheric uppermantle. DISCUSSION 
AND SUMMARY

ACTIVE VERSUS PASSIVE UPWELLINGS
The mantle is a convecting system although not "the uniform fluid heated from below" system with only thermal buoyancy that is the basis of most convection cartoons. The mantle is driven from within by radioactive decay, viscous heating, secular cooling and slab cooling. It is differentially cooled from above and below. In part, it is heated from below. Phase changes and partial melting provide heat sources and sinks and volume changes. Plates and slabs help organize the system. Sinking slabs probably represent the strongest downwellings and the strongest source of cooling. Narrow plumes are generally considered to be a style of convection that is independent of plate tectonics and normal mantle convection. Mid-ocean ridges are generally thought to be the result of mantle passively rising to fill the void left by spreading plates. Where in this scheme are the "normal" mantle upwellings, the Various physical parameters change at about the 550ø-650øC isotherm. This temperature apparently defines the long-term thickness of the plate and the lithosphere. The base of the lithosphere is much shallower and much colder than generally assumed by geochemists and petrologists. Mantle that is hotter than ---650øC has no long-term attachment to the overlying plate. On the other hand hot, buoyant and, possibly, low-viscosity mantle can be isolated from the underlying mantle and will not mix in if it differs in major element chemistry. For example, a refractory (olivine-rich, Al-poor) layer, or an H20-rich layer may be physically isolated either by its buoyancy or its viscosity from a deeper convecting dry fertile region of the mantle (DM). The perisphere can be described as a barrier or a filter for the more incompatible subducted elements. Otherwise, DM will be subjected to contamination. DM may be chemically isolated, even if it is not physically isolated from the overlying mantle.
I introduced perisphere to accommodate the need for a term for a global, enriched shallow region of the mantle that is relatively isolated from the depleted reservoir that provides mid-ocean ridge basalts and a component of other types of basalts. The use of the expression continental lithosphere for this region introduces semantic confusion. Continental lithosphere has been used as a substitute for thermal boundary layer in some of the geophysics literature, but it has been mistakenly assumed to be "the strong layer" in the petrological literature, and the "ancient layer" in the geochemical literature.
When mantle material becomes hotter than --•650øC, it cannot support the stresses required to cause earthquakes or the stresses associated with trench, mountain belt, and volcanic loads. This temperature also defines the base of the seismic high-velocity layer. Hotter material deforms readily and cannot be a permanent part of the plate or lithosphere. The lower half of the TBL has little strength. Mantle nodules exhibiting long-time enrichment and equilibration temperatures in excess of 1000øC are commonly attributed to the continental lithosphere and the implication is that this part of the mantle has been rigidly attached to the overlying crest for more than 10 9 years. Part of the reason for this assignment is the belief that if the sample is not from CL it would be depleted and MORB-like since it is well known that the asthenosphere is depleted. CL is often described as easily delaminated, reactivated, displaced, replaced, or remobilized in order to explain various aspects of continental magmatism and tectonics and ocean island magmas. I suggest that the perisphere concept explains many elements of continental and oceanic geochemistry. The semantic confusion associated with continental lithosphere and depleted asthenosphere makes a new word necessary. For prolonged loading the effective elastic thickness of the lithosphere is determined by the 500øC isotherm for a dry olivine rheology [De Rito et al., 1986] . This is similar to the temperature at the base of the elastic plate inferred from flexural profiles [Furlong, 1984 An unresolved problem is the density of the perisphere. If it is primarily formed as an olivine-rich cumulate from a magma ocean, or as a depleted refractory residue after basalt or komatiite extraction, it will be buoyant relative to fertile or garnet-rich mantle. Metasomatism and hydration will reduce its density even further. The same question is involved in the CL* and plume head theories. Are these proposed reservoirs also buoyant, after extraction of basalt? If so, they may become permanent parts of the perisphere. A weak buoyant layer in a convecting system is sometimes called a "semiconvection" zone.
In 
